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1 Introduction
In remote sensing, the detection of weak return signals is of
vital importance. One method of increasing the sensitivity of
an optical remote-sensing device, such as a ladar system, is
to optically amplify the return signal before detection. As we
have previously 2 rare-earth-doped optical-fiber am-
plifiers offer a compact and lightweight means of optical
preamplification appropriate for integration into a ladar sys-
tem.
In our previous analysis, we developed signal-to-noise
ratio (SNR) relationships for direct and heterodyne detection
ladar systems, both with and without an optical-fiber amplifier
included. We then chose a practical minimum ''threshold"
SNR of 6 dB as being necessary for reliable target detection.
Based then on predicted environmental and electronic noise
factors, we determined the signal power required for each
ladar detection scheme such that the threshold SNR was
achieved. After defining the increase in optical sensitivity to
be the difference (expressed in dB) in optical signal powers
necessary to achieve the threshold electrical SNR for cor-
responding ladar systems with and without an optical-fiber
amplifier, the sensitivity increases achievable by incorporat-
ing an optical-fiber amplifier were determined for both
Abstract. In an effort to increase achievable postdetection signal-to-
noise ratios (SNRs) of continuous-wave, 1-gm all-solid-state ladar sys-
tems, a prototype rare-earth-doped optical-fiber amplifier has been in-
cluded in the optical return signal path of both a heterodyne and a direct-
detection ladar system. We provide numerical predictions for SNR in-
creases according to our previously developed theory. We also detail
our experimental efforts and provide the results of SNR measurements
for four distinct cases: direct ladar detection with and without a fiber
amplifier, and heterodyne ladar detection with and without a fiber am-
plifier. Experimentally measured increases in SNRs for ladar systems
incorporating an optical-fiber amplifier are then compared with our earlier
predictions. Specifically, we have found that for direct detection with a
fiber amplifier in place, the predicted SNR increase is 42.0 dB, and we
have measured an increase of 36.5 dB. Similarly, for heterodyne ladar
detection with a fiber amplifier, the predicted SNR increase is 3.8 dB,
and we have measured an increase of 8.0 dB.
Subject terms: ladar, laser radar; fiber amplifier; signal-to-noise ratio.
Optical Engineering 33(12), 4023—4032 (December 1994).
heterodyne and direct-detection ladar schemes. Specifically,
our results indicated optical sensitivity increases of 20.6 and
0.73 dB for the direct and heterodyne ladar detection cases,
respectively, where we note that the lower sensitivity increase
for the heterodyne detection case is due primarily to the al-
ready near-optimum performance of an unamplified hetero-
dyne detection scheme, assumed to be adjusted for local-
oscillator shot-noise-limited detection."2 In this paper we
take the electrical SNR equations used in the previous sen-
sitivity calculations, add efficiency terms encountered in the
experimental incorporation of the fiber amplifier, and cal-
culate theoretical electrical SNR increases. We were required
to make these measurements by our inability to measure di-
rectly the small optical return signal power, as will be seen
later in Sec. 3.
This paper discusses the experimental procedures used to
verify the equations derived in our previous analysis. For our
experimental work, a SNR measurement was first taken for
both direct and heterodyne detection without a fiber amplifier.
With the same return signal power, corresponding SNR mea-
surements were then taken with a fiber amplifier included.
These results were then compared to give the increase in
SNR due to the inclusion of the fiber amplifier.
In Sec. 2 of this paper we describe the experimental ladar
system, specifically accounting for efficiency terms encoun-
tered while incorporating the fiber amplifier, and then ex-
amine various issues involved in data collection. In Sec. 3
we use our previous work to predict SNR increases for both
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direct and heterodyne ladar detection with a fiber amplifier
included. We present our experimental data and compare
them with our theoretical predictions in Sec. 4; in Sec. 5 we
summarize our work and examine future research possibil-
ities.
2 Ladar System Overview
In this section we provide an overview of the ladar system,
focusing on some aspects of the design that have affected
our experimental work. The ladar system with the fiber am-
plifier inserted is shown for direct and heterodyne detection
in Figs. 1 and 2, respectively. As shown in Fig. 1, for direct
detection a Nd:YAG laser provides 40 mW of linearly po-
larized output at a wavelength of 1.064 m. The laser output
then passes through a Faraday optical isolator to prevent
backscatter from other optical components in the system from
reentering the laser head. The beam then passes through a
variable-ratio attenuator consisting of a half-wave plate in
a rotatable stage and a polarizing beamsplitter cube. As will
be discussed in detail later, this is used to reduce the trans-
milled optical power to levels appropriate for the targets we
have used. Also note that as the photodetector we chose to
use is ac coupled, the beam is modulated by an optical chop-
per operating at 2 kHz.
After passing through the variable-ratio attenuator, the
beam passes through a transmit-receive (TR) switch, con-
sisting ofa polarizing beamsplittercube and a Faraday optical
rotator used to rotate the outgoing beam polarization by 45
deg. The beam then travels to the target, after which the
backscattered optical return signal received from the target
is rotated an additional 45 deg by the optical rotator. The
polarization of the received signal light is thus perpendicular
to the original outgoing light and is reflected by the polarizing
beamsplitter cube into the return signal leg.
The return signal from the target then passes through a
dichroic mirror and is coupled into the core of a Rutgers
University Nd 3-doped optical fiber,3 whose double clad-
ding configuration is shown in Fig. 3, while pump light from
an 850-nm laser diode is simultaneously reflected off the
dichroic mirror and coupled into the rectangular inner clad-
ding of the doped fiber.4 As the pump light travels through
the fiber, it passes through the core and creates a population
inversion in the rare-earth dopant, and the return signal is
then amplified as it passes through the core. Note that due
to typically small return signals, the fiber amplifier is operated
in the small-signal regime. Thus, spontaneous emission from
the upper lasing level is simply added to the amplified return
signal. We will see the effects of this spontaneous emission
power later.
To couple the amplified return signal out of the fiber am-
plifier, there is a single-mode AT&T ST-type connector at
the end of the fiber amplifier. The double cladding geometry
of the doped fiber, however, resulted in severe misalignment
of the single-mode core within the ST connector, which was
designed for standard circular 125-pm-diam fibers. The
buffer on the Rutgers fiber is made of a hard polymer, while
the 125-pm outer cladding of the fiber, which would fit into
the connector snugly, is made of a soft polymer (see Fig. 3).
Several attempts were made to remove the buffer without
stripping off the outer cladding, but all were unsuccessful.
With the buffer and outer cladding removed, only the rec-
tangular inner cladding and core are left for insertion into the
connector, making it very difficult to align the core at the
center of the connector. Thus, in order to couple the light out
of the fiber amplifier and into another, nondoped single-mode
fiber, the ST connector on the nondoped fiber was placed in
a fixed mount. The connector on the end of the fiber amplifier
was then fixed to a three-axis positioner, and index-matching
gel was used to provide good coupling between the fibers as
the positioner was used to align the two cores manually. The
resulting coupling ratios were consistently about 75%, al-
lowing enough throughput power for experimental data to
be taken. This will be included in the optical-efficiency in
the equations of the next section.
Polarizing Optical
Optical Variable Ratio Beamsplitter Rotator
Isolator Attenuator Cube
--L-I-HL 1Target
Chopper I T/R SwitchBeam I
Dump \. Dichroic Mirror
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22 Meter Spool of
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Fig. 1 Direct-detection ladar system. This figure shows the 1 .O64-..m ladar in its direct-detection con-
figuration. The variable-ratio attenuator and TR switch are outlined, and the fiber amplifier is shown
inserted into the return signal leg.
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Fig. 2 Heterodyne-detection ladar system. This figure shows the 1 .064-1im ladar in its heterodyne-
detection configuration. The variable-ratio splitter and TR switch are outlined, and the fiber amplifier
is shown inserted into the return signal leg.
The power coupled out of the fiber amplifier at this point
includes the amplified return signal, broadband spontaneous-
emission power, and any unabsorbed pump power. A 4-nm
optical bandpass filter, centered at 1 .064 tim, is thus used to
eliminate the excess pump light (at 850 nm), as well as any
spontaneous-emission power outside of the 1.064
O.OO2-m wavelength range. The 75% transmissivity of the
optical filter' s passband will also be allowed for in the optical-
efficiency factors of the next section. After the optical filter,
the light is coupled into a multimode fiber pigtailed to the
InGaAs PIN detector package, from which the output is am-
plified and measured with a spectrum analyzer. For clarity,
the amplification and detection electronics are schematically
shown in Fig. 4, where we note that for direct detection g is
the voltage gain of an Analog Modules electronic amplifier
and Ramp its input impedance (see Table 1).
For the heterodyne detection scheme shown in Fig. 2, the
laser provides both the local-oscillator (LO) power and the
power for the transmitted signal. A half-wave plate and po-
larizing beamsplitter cube are thus used as a variable-ratio
splitter to vary the amount of power split into the local os-
cillator leg. The LO is then frequency shifted 200 MHz by
an acousto-optic modulator (AOM), and the unshifted zero-
order beam out of the AOM is blocked with a beam dump
to minimize stray reflections in the system. The frequency-
shifted first order is then coupled into a single-mode fiber
leading to an evanescent wave coupler, which couples 10%
of the LO power into the output fiber leading to the photo-
detection circuitry. The resulting LO level is set to approach
the manufacturer's specified detector saturation level of 200
Laser power not split into the LU path passes through the
TR switch and is reflected off the target. The somewhat de-
polarized return5 from the target passes through the TR switch
again, which directs a linearly polarized portion into the sig-
nal leg. The light reflected into the signal leg passes through
a dichroic minor and is coupled into the fiber amplifier along
with the pump light from the laser diode, as discussed pre-
viously. The air splice is once again used to couple the power
from the fiber amplifier into the nondoped single-mode fiber
leading to the free-space fiber-to-fiber coupler, where the
4-nm bandpass filter is inserted into the beam path. These
two losses are the same as occurred in the direct-detection
system after the fiber preamplifier, though the optically fil-
tered power is now coupled into the fiber leading to the
evanescent wave coupler, where 90% is coupled into the
output fiber, thus adding an additional 10% optical loss not
seen in the direct-detection case. The combined signal and
LU powers are then coupled into the multimode fiber pig-
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Fig. 3 Geometry of the Rutgers neodymium-doped fiber. The ge-
ometry of the Rutgers fiber is shown here. The unusual aspect of
the fiber is the rectangular inner cladding used to couple the pump
light from the laser diode into the fiber.
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Tektronix
Fig. 4 Detection electronics. The detection electronics for both the direct and heterodyne detection
ladar systems are shown here schematically. The Lasertron detector package includes both a pho-
todetector and a current-to-voltage amplifier, and a safety load of 975 is required to provide proper
termination. An electronic amplifier is then used to boost the voltage level into the spectrum analyzer
used to measure the SNR.
tailed to the detection electronics, where an intermediate fre-
quency (IF) signal at 200 MHz is generated during the pho-
todetection process. Again, the details of the detector and
electronics are shown in Fig. 4, where for heterodyne detec-
tion g is the voltage gain of a Miteq electronic amplifier and
Ramp 5 its input impedance. Note that the electronic amplifiers
used for the two detection schemes differ in the frequency
intervals of interest for each case (viz., 2 kHz for direct de-
tection and 200 MHz for heterodyne detection).
With the system configurations thus established, the first
issue we dealt with in our experimental plan was to determine
the targets necessary to give measurable return signals for
each detection scheme. Different types are required for both
detection schemes because of the inherent differences in the
detection techniques, though we mention that the theoretical
and experimental results presented in the following sections
are independent of the target type. All that is of interest is
that we generate a small signal return. For instance, during
direct detection, the return signal is not mixed with a large
LO signal as it is in the heterodyne detection case. In order
to generate a measurable return signal, we therefore decided
to use a mirror-glint target for direct detection. This is ac-
ceptable if the transmitted, and thus the received, optical
power is decreased, leaving the return signal power within
the small-signal operating regime of the fiber amplifier. The
variable-ratio attenuator (VRA), discussed previously (see
Fig. 1), is used to accomplish this. By using the VRA, the
strength of the return signal can be adjusted until it is just
visible above the noise, with the fiber amplifier not in op-
eration. When the amplifier is turned on then, the resulting
ratio of signal to noise powers yields a direct measurement
of the SNR improvement for the direct-detection case.
For the heterodyne-detection case, the large LO power
mixes with the return signal power to create the IF signal,
thus allowing a diffuse/speckle target to be used. The driver
for the acousto-optic modulator, however, radiates an electric
field at the desired 200-MHz IF signal frequency. This field
tends to be picked up by the detection circuitry, resulting in
a noise spike on the spectrum analyzer, which drowns out
the IF signal at 200 MHz. To avoid this, the diffuse target
was mounted on a motorized linear translation stage, thus
4026/OPTICAL ENGINEERING / December 1994 / Vol. 33 No. 12
causing a small Doppler shifting of the IF signal away from
the 200-MHz noise spike. More specifically, the moving dif-
fuse target consisted of a piece of flame-sprayed aluminum,
tilted at 45 deg and translated at a constant velocity parallel
to the beam path by a variable-speed micrometer.
To conclude this section, we have two final comments.
First, in the preliminary preparations to take measurements
verifying the results of these theoretical comparisons, it is
Lasertron Detector Package with
Transimpedance Amplifier
Table 1 List of variables. This table describes and quantifies the
variables used in evaluating the SNR equations.1 All variables com-
mon to both the direct and heterodyne detection equations are in
the top section; the variables peculiar to either direct or heterodyne
detection follow separately.
Common vnab1es
V - Optical power center frequency (1.064 pm)
v - Spectrum analyzer resolution bandwidth
Vopt Equivalent optical passband of the 4 nm filter
Ti - Detector quantum efficiency
h - Plancks constant
G - Fiberamplifier power gain
se Spontaneous emission power, 0 h v Vopt
se,v Incremental spontaneous emission power, G h v öv
Rteans Integrated amplifier transimpedance
RSA Spectrum analyzer input impedance9 - Detector responsivity (Lasertron Detector)
e - Basic electronic charge
1d Detector dark current (Lasertron Detector)
k - Boltzmann's constant
T - Temperature
Direct Detection vedables
r Optical return signal power incident on the detector
N - Number of se-se beat components at 2 kHz
lopt,d Optical efficiency between fiber amplifier and detectorg Analog Modules amplifier voltage gain
Ra Analog Modules amplifier input impedance
Heterodyne Detection Variables
r Optical retum signal power incident on the detector
p10 - Local oscillator power, (near detector saturation power)
lopt,h Optical efficiency between fiber amplifier and detector
g Miteq amplifier voltage gain
D - Voltage divider effect (Heterodyne detection only)
Rm Miteq amplifier input impedance
Nh Number of se-se beat components at 200 MHz
= 2.82xl0'4 Hz
= 10Hz
= 1.07x10'2 Hz
= 0.82
= 6.626 x 10 J sec
= 158
= 31.3 pWatts
= 3.0x10'6W
= 5900 D
= 50l
= 0.704 A/Watt
= 1.6x10'9C
= 2.9 nA
= 1.38x1023 i/K
— 298 K
= 0.4 nWatts
= 1.07x10"
= 0.56
= 1000
= 1 MD
= 8x10'5 Watts
= 200 pWatts
= 0.51
= 1122
= 0.048
= 50 D
= 1.05x10"
Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 11/09/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
OPTICAL-FIBER PREAMPLIFIERS FOR LADAR DETECTION
important to realize that the neodymium dopant of the fiber
has a four-level lasing scheme. Therefore, with the laser-
diode pump light blocked, the return signal will pass through
the fiber unamplified and with no loss due to signal absorp-
tion. This eliminates any need to physically remove the fiber
amplifier from the system in order to make SNR measurement
comparisons. Second, we again mention that in our previous
analysis,"2 electrical SNR equations were developed with
the goal of comparing the optical detection sensitivity of a
ladar system with and without a fiber amplifier. In this paper,
however, we directly examine the SNR equations and make
SNR increase predictions for detection with the fiber ampli-
fier included.
3 Prediction of Increases in Signal-to-Noise
Ratio
The SNR equations we have previously derived"2 for the
four test cases are used in this section to predict the SNR
increases for ladar detection with a fiber amplifier included.
The various noise terms are quantified numerically to give
the predicted noise levels in decibels above 1 mW, while the
values for all parameters used in the following analyses are
given in Table 1.
3.1 Direct-Detection SNR
The SNR for direct detection without the fiber amplifier,
SNRdirwo expressed in terms of electrical power is given as'
I,
SNRd. rilr,wo SNl Fdark + the +
"ea,A
where "ri 5 the electrical signal power, SN1 5 the shot-
noise power, "dark the dark-current noise power, "therm S
the thermal noise power, and 1ea,A the electronic-amplifier
noise power.
In practice, the signal power will appear on the spectrum
analyzer as a narrowband signal centered at the frequency of
the optical chopper, 2 kHz. The denominator of Eq. (1),
however, is the total electrical noise power, shown on the
spectrum-analyzer display as a noise level corresponding to
the total noise divided into frequency components equivalent
to the chosen frequency resolution. That is, for these exper-
iments, the bandwidth intervals being examined are small,
and the noise sources are considered white noises across these
intervals. The noise power is therefore divided evenly across
the spectrum-analyzer display. The noise level measured on
the spectrum amplifier is then the amount of noise occurring
in each frequency division, defined by the resolution band-
width of the spectrum analyzer, v, which we set to 10 Hz.
The terms in Eq. (1) are, of course, related to the various
system parameters. For instance, based on our previous anal-
ysis, the electrical signal power is written as'
(g1R PrRtrans)2
ri — , (2)RSA
where g is the voltage gain ofthe Analog Modules electronic
amplifier, R is the responsivity of the detector, 1r is the
optical return signal power incident on the detector, Rtrans 5
E 30
•40
•50
•00
70
-00
-90
. -
Frequency (kHz)
Fig. 5 Direct-detection signal without the fiber amplifier. This figure
shows data taken from the spectrum analyzer for direct detection
without the fiber amplifier. The direct-detection signal is located at 2
kHz. The noise level is —57.0 dBm and the signal level is —45.5
dBm, giving a SNR of 11.5 dB.
the transimpedance of the detector package, and RSA is the
input impedance of the spectrum analyzer.
Because the optical-return signal powers were too small
to be directly measured by available power meters, the power
'r incident on the detector was determined from Eq. (2) by
setting the electrical signal power for direct detection without
the fiber amplifier, r1' equal to its measured value of —45.5
dBm, or 28 nW. (See Fig. 5, which we will discuss in more
detail later.) We then solve for r to obtain
(2RSAI' 1)P= r 4X1O'°W . (3)r g R Rtrans
Using this value for r' the following noise terms from Eq.
(1) can now be evaluated':
(g R )2[e(iv)P]SNl a trans r 3.13 x 10 16 W , (4)
RSA
(6)
where e is the basic electronic charge, Sv is the resolution
bandwidth of the spectrum analyzer, 'd the detector dark
current, k is the Boltzmann constant, and Tis the temperature
in kelvin. Note that Eq. (2) and Eqs. (4)—(6) are derived from
the general electronic power equation,
(V2)F=— . (7)RSA
where (V2) is the mean squared signal voltage at the input
of the spectrum analyzer.
Also note that the electronic amplifier noisepower of Eq.(1) is a measured value. To perform this measurement, the
OPTICAL ENGINEERING I December 1 994 1 Vol. 33 No. 1214027
10
-10
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.0 2.8
(1)
(gaRn)2 [2e(v)I] 10 ' w , (5)dark RSA
(gaRtrans)2[4k(v)T/R] 1.9 x 10 Wthe
RSA
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'se
se,iv iv = 3.0x 10 16 w
svopt
nrse S then determined to be
1'n,rse36>< 1O_12
"r2
S NRdirw
nrse nsese FeaAI SN2
electronic amplifier input was disconnected from the detector where h is equal to Planck' s constant, v is the nominal
package, and the output was measured on the spectrum ana-
lyzer, resulting in a measured amplifier noise value of
spontaneous-emission frequency, and Sv0 is the optical
bandwidth. For this case, v = 2.82X 1014 Hz is taken to be
FeaA 2.0 x 10- w . (8)
the bandpass-filter center frequency, corresponding to a
wavelength of 1.064 m, and Sv0 =1.07X 1012 Hz is the
As seen then from Eqs. (3)—(6), the measured electronic am-
plifier noise level of 2 X iO W, or — 57 dBm, is much
larger than the other noise terms, thus allowing Eq. (1) to be
simplified and evaluated as follows:
equivalent bandwidth of the 4-nm optical bandpass filter.
With the optical signal power, spontaneous-emission power,
and fiber-amplifier gain now known, the shot-noise power
FSN2 is then calculated using Eq. (12) to be
"ri
SNRdirwo 2 x iO W= 14.0 (9)
FSN2=2.8X10" W . (17)
For the terms expressing the return-signal--spontaneous-
which corresponds to a SNR of 1 1.5 dB.
Similar to Eq. (1), the SNR for direct detection with the
fiber amplifier, SNRdirw 5
emission beat noise and the spontaneous-emission—
spontaneous-emission beat noise, the spontaneous emission
in an incremental bandwidth, se,v' must be known. For
convenience, the incremental bandwidth is chosen to be equal
(10)SNRdirw f Fn,rse + nsese ea,ASN2
to the spectrum-analyzer resolution bandwidth iv, yielding
(18)
where Fr2 5 the amplified signal power, FSN2 is the shot-
noise power, nrse the signal—spontaneous-emission
beat noise power, nsese the spontaneous-emission—
spontaneous-emission beat noise power, and Fea,A 5 the noise (19)
power of the Analog Modules electronic amplifier. Specifi-
cally, these terms are related to the system parameters as
follows':
while the spontaneous-emission—spontaneous-emissionbeat-
.
noise term, nsese, found to be
l/2(g Jt GPrRtrans )2
Fr2 G2Fr1 , (11)
RSA
Fnsese 1 .0 x 10 — W , (20)
thus giving a total noise level Ndjr for direct detection with
the fiber amplifier of
)2{2e(v) [G .(Pr/2)+ optdPse] }
FSN2 ,
RSA
(12)
FN,dir FsN2 + n,r-se nsese FeaA 3.0 X 10 W . (21)
This corresponds to a noise level of —55.0 dBm.
The predicted SNR for direct detection with the fiber am-
plifier is then found by substituting Eqs. (11) and (21) into
)2[R 2GPr(Tloptd 'se,v)I
"n,r-se (13)
RSA
(aRtrans)2(RTloptdPsev)2 , (14)F n,se-se
RSA
Eq. (10), giving
Fri G2
=
Ndir
FeaA 2.0x109 W , (15)
=225806.5
where the new quantities are the fiber-amplifier gain G, the
total spontaneous-emission power 1se' the incremental
spontaneous-emission power se,v' the optical efficiency
'lopt,d (0.75)(0.75) =0.56 of the direct detection system af-
ter the fiber preamplifier, and the number N of spontaneous-
emission terms beating at the 2-kHz chopper frequency
within the equivalent bandwidth ofthe 4-nm opticalbandpass d dB 1 1.5 dB
filter' (see Table 1).
Previously we determined1 the fiber to yield a small-signal 42.0 dB
gain of about 1 dB/m. The fiber amplifier used for the work
described herein was 22 m in length, giving approximately
22 dB of gain, or G = 158. Also, the spontaneous-emission
power out of the fiber amplifier is dependent upon the gain
as follows6:
PseGhVSVopt3.13 x i05 W , (16)
IF 1
SNRhetwo j:;—SN3
(22)
which corresponds to a SNRofS3.5 dB. The predicted direct-
detection increase in SNR, Ld can then be obtained by sub-
tracting (in dB) the SNR without the fiber amplifier from the
predicted increase with the fiber amplifier, giving
3.2 Heterodyne-Detection SNR
(23)
We now examine heterodyne detection without the fiber am-
plifier. Ideally, the SNR for this case, SNRhetwo 5 given by'
(24)
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where FIF! s the IF electrical signal power and SN3 is the
LO shot-noise power, and it is assumed that the LO power
has been increased until the LO shot-noise term dominates
all other noises. Specifically in our previous analysis, we have
shown that'
'-'IFl 'r'LOSAF2 6v LO
where g,, is the voltage gain of the Miteq electronic amplifier,
D is the voltage-divider effect resulting from the 5O- input
impedance of the Miteq amplifier and the 975-Il series safety
load required for the Lasertron detector package, and LO is
the LO optical power (see Table 1). Note that the voltage-
divider effect was not a factor in the direct-detection case,
due to the large input impedance of the Analog Modules
amplifier.
Physically, the IF signal is the term arising from the beat-
ing between the Doppler-shifted signal returning from the
moving flame-sprayed aluminum target, discussed previously
in Sec. 2, and the LO, which is frequently shifted by 200
MHz with respect to the outgoing beam of Fig. 3. Because
of the target' 5 motion, the IF signal will appear on the spec-
trum analyzer slightly shifted away from 200 MHz. In ad-
dition, the IF electrical signal power for heterodyne detection
without the fiber amplifier, F1,, was measured (see Fig. 7,
which will be discussed in more detail later) to be — 55 dBm,
or 3.2 x 10— w. This allows the optical power incident on
the detector, r' to be calculated from Eq. (25):
RSAF,F,P= =8.0x10'5W.r
This value for r will be used later to evaluate the noise terms
for heterodyne detection with the fiber amplifier.
Continuing our analysis for heterodyne detection without
the fiber amplifier, however, LO shot-noise power, FSN3, was
calculated from Eq. (26) to be
"SN39.1><10 w
corresponding to a noise level of —90.4 dBm. This value is
approximately 10 dB larger than the electronic noise reaM
from the Miteq amplifier, which was measured to be
6.4 X 10 14 W, or — 101.9 dBm, thus verifying that our
heterodyne detection system was nearly LO shot-noise lim-
ited. The predicted SNR for heterodyne detection without
the fiber amplifier is therefore
IF1 3.2x109WSNRhetwo = = = 3285.4
, (29)
SN3 ea,M . X
conesponding to a SNR of 35.2 dB, where we note that, for
completeness, we have included both the shot-noise and
the Miteq-amplifier-noise powers in the calculation of
SNRhetwo.
We now consider the case of heterodyne detection with
the fiber amplifier, where the SNR equation, SNRhetw'
given by"2
"1F2SNRhetw =
FSN4+ Fn r-se + nLO-se + "n,se-se
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where IF2 is the amplified IF signal power, SN4 5 the shot-
noise term when the fiber amplifier is included, 1'n,r-se the
return-signal—spontaneous-emission beat noise power,
(25 "n,LO-se the LO—spontaneous-emission beat noise power,
and 1'n,se-se the spontaneous-emission—spontaneous-
emission beat noise power term. Specifically, these terms are
related to the system parameters as 1,2
(26)
2(g DJ1R )2
'IF2 = m GPrPLO GFIF, (31)
RSA
SN4 =(gmtrans)22 (Lo + opt,hse) (32)
(gDR )2
"n,r-se
m
RSA 2R2GPr(T1opthPseSv) (33)
(gDR )2
1n,LO-se =
m
RSA 22PLo(1opthPseav) (34)
(gDR )2
'n,se-se =
m
RSA
(thP)2 Nh (35)
where the new parameters are Nh the number of spontaneous
emission components beating together at the heterodyne fre-
quency,' and the optical efficiency of the heterodyne system
after the fiber amplifier, '1lopt,h (0.75)(0.75)(0.9) 0.5 1 (see
Table 1).
Using Eq. (33) and the values of se,v and r given in
(27) Eqs. (18) and (27), respectively, the return-signal—
spontaneous-emission noise is calculated to be
Fnrse _3.9X 10 19 W , (36)
where we note that the spontaneous-emission power out of
the fiber amplifier (se) and the fiber amplifier gain G are
the same for both heterodyne detection and direct detection.
Similarly, using Eq. (34) the LU—spontaneous-emission beat
(28) noise is found to be
"n,LO-se = 6.0x 10 ' ' W , (37)
while the spontaneous-emission—spontaneous-emission beat
noise from Eq. (35) is found to be
"n,se-se 2.4 x 10 12 W . (38)
Also, using Eq. (32), the heterodyne-detection shot-noise
term is calculated to be
SN4 =9.2x 10_13 W , (39)
thus giving a total noise level Nhet of
"N,het SN4 + nrse + 'n,LO-se + Fn se-se =6.4 X 10— W
(40)
This conesponds to a noise level of — 71.9 dBm.
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to the value used in Eq. (3) to calculate the optical return
signal power. The measured SNR is thus 11.5 dB.
With the inclusion of the fiber amplifier, the previous
section predicts a direct-detection SNR increase of 42.0 dB.
Figure 6 is a plot of the signal and noise for direct detection
with the fiber amplifier turned on. The electrical signal power
level is seen to be — 1 . 1 dBm, while the noise level is —49.1
dBm, giving an experimental SNR of 48.0 dB. The experi-
mental increase in SNR for direct detection with the fiber
amplifier, d ' then obtained by subtracting (in dB) the SNR
(41) without the fiber amplifier from the SNR with the fiber am-
plifier:
which conesponds to a SNR of 39.0 dB. The predicted SNR
increase for heterodyne detection with the fiber amplifier,
h ' then obtained by subtracting (in dB) the SNR for hetero-
dyne detection without the fiber amplifier from the SNR for
heterodyne detection with the fiber amplifier, giving
dicted increase of 42.0. In examining this discrepancy, we
note that there are several errors inherent in the spectrum
analyzer used. From the specifications given in the operator's
(42) manual, errors in the display dynamic range accuracy, RF
attenuator range accuracy, and IF gain range accuracy are
2 dB, 1 dB and 2 dB, respectively, giving a possible
cumulative error of 5 dB.
Next, Fig. 7 shows the Doppler-shifted IF signal for
heterodyne detection without the fiber amplifier, located at
199.9982 MHz. The electrical signal power is seen to be
—55 dBm, as was used to calculate the optical return signal
in Eq. (26). The noise level is seen to be —91 dBm, which
is equal to the calculated LU shot-noise power described in
Sec. 3.2. These values give a SNR of 36 dB for heterodyne
detection without the fiber amplifier.
Figure 8 is a plot of the signal and noise for heterodyne
detection with the fiber amplifier turned on. The electrical
signal power level is — 33 dBm, while the noise level is —77
dBm, giving an experimental SNR of 44 dB. The experi-
mental increase in SNR for heterodyne detection with the
fiber amplifier, h ' obtained by subtracting (in dB) the
SNR without the fiber amplifier from the SNR with the fiber
amplifier:
(43)
which is consistent with the result of our more rigorous anal-
ysis here. Ifthe opticallosses are absent, though, the resulting
increase approaches the classical result. Therefore, even
though very little increase in sensitivity can be achieved by
the addition of a fiber amplifier to an ideal heterodyne de-
tection scheme, for realistic systems the addition of a fiber
amplifier is somewhat beneficial.
4 Experimental Data
In this section we present the SNR data we have taken and
make comparisons between our measurements and the pre-
dicted values found in the previous sections. The first data
taken were for direct detection without the fiber amplifier.
Figure 5 shows the spectrum-analyzer display for this case,
where we note that the average noise level is —57 dBm. Also
note that this equals the measured value for the noise due to
the electronic amplifier (Analog Modules amplifier) dis-
cussed in Sec. 3. 1 . Thisverifies ourlimiting-noise assumption
for direct detection without the fiber amplifier. Also, the sig-
nal level in Fig. 5 is seen to be —45.5 dBm, which is equal
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The predicted SNR for heterodyne detection with the fiber
amplifier is then found by substituting Eqs. (31) and (40) into
Eq. (30), giving
"1F2SNRhet,wr r r r
SN4 n r-se n,LO-se n,se-se
GFIF1
"N,het
=7900
L'd =48.0 dB — 1 1 .5 dB (44)
=36.5 dB
This measured SNR increase is 5.5 dB smaller than the pre-
h390 dB—35.2 dB
=3.8 dB
At this point it is important to examine this result carefully,
as the classical result of using optical amplification in a
heterodyne detection scheme is an increase in SNR by a factor
approximately equal to the reciprocal of the quantum effi-
ciency ii (see Table 1) ofthe detector.6 This chapter' s analysis
appears to contradict that result, before careful examination
of the appropriate assumptions. In fact, in a heterodyne de-
tection system, a fiber amplifier compensates for any losses
after the fiber amplifier. The classical derivation assumes no
losses between the optical amplifier and the detector, so the
only sensitivity increase gained in adding a fiber amplifier is
due to detector inefficiency. For the ladar testbed system we
have used, however, there are additional optical losses after
the fiber amplifier, collectively included in the heterodyne
optical efficiency lopt,h Including this efficiency factor (see
Table 1), the expected sensitivity increase hc according to
classical theory,6 is
hc log1yqOh = 3.8 dB
10
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Fig. 6 Direct-detection signal with the fiber amplifier. This figure
shows data taken from the spectrum analyzer for direct detection
with the fiber amplifier. The direct detection signal is located at 2
kHz. The noise level is —49.1 dBm and the signal level is —1.1
dBm, giving a SNR of 48.0 dB.
1.2 14 1.6 1.8 2 2.2 2.4 2.6 2.8
Frequency lkHzl
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Fig. 7 Heterodyne-detection signal without the fiber amplifier. This
figure shows data taken from the spectrum analyzer for heterodyne
detection without the fiber amplifier. The heterodyne detection signal
is located at 199.9982 MHz. As seen, this signal has a broad spec-
tral width. This is due to jitter in the speed of the moving target,
which results in corresponding variations in the Doppler shift. The
noise level is —91 dBm and the signal level is —55.0 dBm, giving
a SNR of 36 dB.
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Fig. 8 Heterodyne-detection signal with the fiber amplifier. This fig-
ure shows data taken from the spectrum analyzer for heterodyne
detection with the fiber amplifier. The heterodyne detection signal is
located at 199.9982 MHz. The noise level is —77.0 dBm and the
signal level is —33.0 dBm, giving a SNR of 44 dB.
h44 dB—36 dB (45)
=8 dB
The measured increase in SNR is 4.2 dB larger than the
predicted 3.8 dB, and the 5-dB uncertainty in the accuracy
of the spectrum analyzer is again sufficient to account for the
difference between the predicted and experimental SNR in-
creases.
In comparing the direct and heterodyne detection results,
it is somewhat disconcerting to see experimental results
smaller than predicted for one case and larger than predicted
in the other. This result is caused by the different power levels
used by the two detection schemes. Specifically, the noise
and amplified signal levels for the direct detection case are
very near the maximum range of the spectrum analyzer, while
the heterodyne-detection noise floors are near the minimum
sensitivity level of the spectrum analyzer. These two extremes
represent the difference between 5 dB in the accuracy, and
it is reasonable to expect the experimental differences of the
two cases to have opposite signs.
5 Summary
Previously we developed an electrical SNR model for direct
and heterodyne detection with and without a fiber 2
In this paper, experimental data have been presented and
compared with theoretical predictions made using the equa-
tions developed in our previous work. For the direct-detection
case, the measured SNR increase for detection with the fiber
amplifier was 36.5 dB, which is 5.5 dB less than the predicted
increase of 42.0 dB. For heterodyne detection, the measured
SNR increase for detection with the fiber amplifier was 8.0
dB, which is 4.2 dB larger than the predicted increase of 3.8
dB. These values show a good match between theory and
experiment, given the 5 dB uncertainty in the accuracy of
the spectrum analyzer.
Further work with the ladar testbed is planned to examine
fiber-amplifier performance in true ladar system functions
such as ranging and target detection. This includes examining
the effect of the fiber amplifier on return signals resulting
from a pulsed or chirped output. There are also plans to
expand the research into eyesafe wavelengths, such as
erbium-doped fibers at 1.54 rim, which will allow us to take
advantage of the advanced technology driven by the com-
munication industry.
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